In theory, "aquifer storage and recovery" (ASR) is a form of artificial aquifer recharge consisting of three components: (1) aquifer injections of fluids; (2) withdrawals of the injected fluids; and (3) a period of time between the injections and withdrawals that is considered to be aquifer "storage" of the injected fluids. The injected fluids may be: (1) treated sewage effluent (also known as reclaimed, reuse, or bright water); (2) stormwater runoff pumped out of canals, mine pits or other areas; (3) surface waters from natural lakes and streams; or (4) ground water from different aquifer zones. An evaluation of existing data from more than 80 injection/withdrawal cycle tests at 18 ASR sites in 9 counties throughout southern Florida, in the regional karst Floridan aquifer system of the United States (US) revealed that less than 25% actual "recovery" was achieved from ASR wells where water from various sources was injected into the regional karst aquifer system. Determination of actual "recovery" was based on the reported chloride content of injected and recovered water and was more suggestive of fluid disposal than aquifer "recharge." Actual "recovery" for those ASR tests, adjusted to the chloride concentrations of injected fluids, ranged from 0-17% for "storage" periods that ranged from 0-181 days. Although results of actual "recovery" provide little support for the concept of "stored" water, in reality those results also over-estimate the volume of injected water that is stored because it assumes that water recovered at the same chloride concentration is the same water that was injected. There is no evidence in the ASR data to support that assumption. The low actual "recovery" rates occurred despite the fact that 28 of the cycle tests had a "storage" period < 1 day and the longest "storage" period tested did not exceed 181 days. Those brief "storage" periods also were insufficient to meet the stated agency objectives of retrieving the injected fluids during the dry season, more than six months after injection of what is termed "excess water" during the rainy season. Despite those results, the agency's Final Technical Data Report (TDR) and groundwater model released in 2014 concluded that: (1) "recovery" from those wells would range from 70-100% and (2) 232 ASR wells (94 in the upper Floridan aquifer, 37 in the Avon Park Permeable Zone of the middle Florida aquifer and 101 in the Boulder Zone) could be completed in Florida's Greater Everglades Basin (basin) as restoration. That Final TDR did not consider differences in chloride content between water that was injected into and withdrawn from the ASR cycle tests and that groundwater model for the basin did not include the anisotropy option or preferential flow through karst conduits such as fractures. Preferential flow of water injected and withdrawn could result in both low ASR "recovery" rates and environmental harm, such as submarine groundwater discharge (SGD) contaminated with pollutants, including nutrients that result in harmful algal blooms (HABs). That TDR and groundwater model for southern Florida also did not evaluate the direct, indirect or cumulative adverse impacts of preferential flow from ASR injections and withdrawals (e.g., through fractures) on federally threatened and endangered species, environmentally sensitive areas or on sinkhole formation. Our evaluation of the basin vicinity also included analyses of fracture frequency, length and proximity to ASR wells, other injection and withdrawal wells and modern sinkholes, based on georeferenced and transformed lineaments from three
Introduction

Terminology Related to Aquifer Storage and Recovery (ASR)
Terminology related to "aquifer storage and recovery" (ASR) that is used by regulatory agencies, municipalities and representatives of the ASR industry often does not conform with standard or scientific definitions of those terms. That is the case with ASR terminology associated with aquifer injections and withdrawals referenced as ASR that are proposed as components of Everglades restoration in the southeastern United States (US) proposed by the US Army Corps of Engineers (ACOE, 2004a; 2004b; . Examples of such terms include "aquifer storage and recovery," "bubble," "confining," "excess water," "feasibility," "lost to tide," "performance," "recharge," "recovery," "reservoir," "restoration," "target storage volume" (TSV) and "water banking." Therefore, terms that are used in an unorthodox manner in regulatory and other documents referenced in this paper are provided in quotations marks, to avoid confusion and misrepresentation. Table 1 includes descriptions and definitions related to ASR in the Floridan aquifer system from scientific and other sources. Definitions or descriptions of none of the terms listed above, as applied to ASR were included in the dictionaries or glossaries such as those published by the American Geological Institute (AGI), the US Geological Survey (USGS), or similar peer-reviewed publications of geologic and hydrological terms identified for this study (Bates & Jackson, 1984; Fetter, 1988; Ford & Williams, 1989; Freeze & Cherry, 1979; Neuendorf, 2005 ; US Committee on Redefinition of Ground-Water Terms (US Committee on Ground-Water Terms), 1988). Because of those constraints, documents produced by representatives of the ASR industry are the default sources for definitions and descriptions of terms such as "aquifer storage and recovery," "target storage volume" and "water banking" (Table 1 ).
The Theory of ASR
Theoretically, ASR is a form of temporary artificial aquifer "recharge" that consists of three components: aquifer injections of fluids "recharge," withdrawals of the injected fluids ("recovery") and a period of time ("cycle") between the injections and withdrawals. That intervening period of time is considered to be "storage" of the injected fluids. The reported strategy of ASR is to "store" the "excess water" in the aquifer during the wet season and then "recover" that water during the dry season when it is needed (Reese, 2002) . In reality, there is no "excess" water in southern Florida or any other vicinity of the regional Floridan aquifer system. Stormwater runoff commonly is referenced as "excess water" although that water previously infiltrated as natural recharge for the aquifer system before being converted to "runoff" by increased impervious surfaces. "Excess water" and "lost to tide" terms also ignore the beneficial/essential roles of natural pulses of uncontaminated, nonsaline surface and ground water to coastal ecosystems.
The referenced "excess water" to be injected into the aquifer as artificial "recharge" is one or a combination of the following: (1) stormwater runoff (containing agricultural, industrial and/or municipal contaminants) pumped out of canals, mine pits or other areas; (2) treated sewage effluent (also known as reclaimed water, reuse water, bright water) previously mined from the aquifer system and resulting in induced (forced) recharge; (3) surface water diverted or extracted from natural streams, lakes and other surfacewater ecosystems during the wet season; and (4) ground water withdrawn from one layer or zone of the aquifer system and injected into another (e.g., "augmentation" of depleted nonsaline aquifer zones with water from brackish aquifer zones or injection of surficial aquifer water into the Floridan aquifer, both now referenced as "blending"). Examples of the types of water considered as "excess water" for injection into ASR wells in Florida are included in Figure 1A . Figures 1A and B were created by the Florida Department of Environmental Protection (FDEP) as unpublished agency documents in 2003. Fernald and Purdum (1998) describes how the Floridan aquifer system functions, contradicting concepts in documents promoting ASR (e.g., ACOE, 2014) .
Surface discharges of stormwater runoff and sewage effluent have resulted in widespread contamination of surface waters, particularly coastal waters. Aquifer injections, including ASR injections, are viewed as a means of diverting these contaminants from surface waters, without implementing costly contaminant removal processes or less costly alternatives such as mandatory water conservation. Bacchus (2001; and Bacchus, Bernardes, Jordan and Madden (2014) provide detailed discussions of the continued contamination of surface Locations of the 52 wells in Florida intended for temporary artificial aquifer "recharge" through 2003, at the approximate time of the initial ASR investigations, primarily were concentrated near the coast, as shown in Figure 1A . Another form of artificial aquifer "recharge" in Florida occurs through Class I injection wells for the stated purpose of contaminated fluid disposal. Those fluids are not injected with the intent of "recovery." Information available from the FDEP web site (http://www.dep.state.fl.us/water/uic/index.htm) in August 2005 indicated that more than 125 Class I injection wells injecting approximately "361 million gallons per day" (MGD) reportedly were active in Florida. The map that showed the distribution of those Class I wells included the locations of only 102 Class I aquifer injection wells ( Figure 1B ). More than 1,000 additional underground injection sites for minimally treated sewage effluent have been permitted in Monroe County alone, the most southern county in Florida, but no map was available for those locations from FDEP at that time. The current FDEP database does not include the volume of injected fluids for each well to enable a determination of the total daily permitted volume of injected fluids. 
Objectives
There were multiple objectives of our scientific review and analysis. The first objective was to evaluate published literature and agency documents related to "storage" and "recovery" of water injected into ASR wells. The second objective was to evaluate published literature and agency documents related to factors, such as fractures, that could result in preferential flow of ASR injections and withdrawals. The final objective was to consider various adverse environmental impacts that can be associated with these types of aquifer injections and implications of these adverse impacts for the Everglades restoration effort. The provisions of the National Environmental Policy Act (NEPA), the Clean Water Act (CWA), and the Endangered Species Act (ESA), rather than the SDWA, were the focus of our review and analysis. Our evaluation of the basin includes analyses of the proximity of ASR wells and other injection and withdrawal wells to georeferenced and transformed lineaments representing fractures from three independent sources (ACOE, 2004c; FDOT, 1973; Vernon, 1951) as an explanation for the low actual "recovery" from ASR cycle tests and adverse environmental impacts.
Study Area
Our case study was the vicinity of the Greater Everglades Basin (basin), located in southern Florida, where extensive aquifer injections are occurring. The ten counties entirely within the boundaries of the basin include: Broward, Collier, Dade, Glades, Hendry, Lee, Martin, Monroe, Palm Beach and St. Lucie. The eight additional counties partially within the boundaries of the basin include: Charlotte, DeSoto, Highlands, Lake, Okeechobee, Orange, Osceola and Polk. Figure 2 shows the area of the case study, including the locations of the counties, boundaries of the basin, boundaries of the 12 sub-basins within in the Greater Everlades Basin and the surrounding coastal waters.
The study area, located in the south Florida sub-region of the regional Floridan aquifer system, includes bedding planes, fractures, dissolution cavities, and other karst features which extend to the submerged carbonate platform (Popenoe, Kohout & Manheim, 1984) , as summarized in Bacchus et al. (2014) . The earliest record of aquifer injections in FDEP's spreadsheet database was 1957, but only 308 of the more than 1400 Class V aquifer-injection wells recorded in that database included any dates related to permitting or operation of those wells.
Methods
Agency Shapefiles, Data and Analog to Digital Conversion of Lineaments Representing Fractures
The locations for the basin and sub-basins, Big Cypress National Preserve (BCNP), Everglades National Park (ENP) and groundwater withdrawal wells permitted by the SFWMD were created from shapefiles obtained from that agency. The locations for groundwater withdrawal wells permitted by the SWFWMD and the SJRWMD were created from shapefiles obtained from those agencies, respectively. The locations for the aquifer-injection wells permitted by the FDEP, including the ASR wells, were created from location information included in the FDEP database and provided by that agency. The locations for sinkholes were created from the FDEP Florida Geological Survey (FGS) shapefile for subsidence features mapped in Florida through October 2014 and the term sinkhole is used synonymously with subsidence. Data for examples of federally endangered and threatened species were obtained from the US Fish and Wildlife Service and the listing status was reverifed on on May 18, 2015 (USFWS, 2015 . Data for examples of state endangered and threatened species and species of special concern were obtained from the Florida Natural Areas Inventory and were reverified on May 19, 2015 (Kimberely Gulledge, FNAI, pers. comm., 5/19/15 ).
Shapefiles could not be obtained from the ACOE for the lineaments shown as the "Lineament map of south Florida" in Figure 3 -7 of the 2014 ACOE report (ACOE, 2014 , originally from ACOE, 2004c . Therefore, a digital file of those lineaments was created by converting the original report figure from the portable document format (PDF) to a drawing exchange format (DXF). The DXF file then was imported into ArcGIS and 28 control points distributed throughout the figure were identified over the region defined by the boundaries of the lineament data. Control point identification used a county layer and a boundary layer for the state of Florida as reference because the original report figure included county and state boundaries. Following control point identification and analysis (RMS Error: 0.0062) an affine transformation was used to assign real-world coordinates to the lineament data in vector format. Distribution of the control points is shown in Figure 3 . The acquisition methods for the FDOT (1973) and Vernon (1951) lineaments were described in Bacchus et al. (2014) and Lines et al. (2012) . 
ASR Database for Florida
Initial attempts by the senior author to conduct an independent scientific review of ASR and other aquifer injections and the associated adverse environmental impacts of those injections in Florida were delayed for more than five years because much of the information regarding aquifer injections in Florida is unpublished or contained in grey literature and extremely difficult to obtain. Even when such unpublished literature was part of the public record of agencies that are permitting, funding, evaluating and/or engaged in aquifer injections in Florida, many of the documents that were requested to conduct a thorough review of aquifer injections could not be obtained after months or years following the initial requests. Repeated attempts to obtain copies of selected ASR and other aquifer injection permits and related documents often resulted in no response from the agencies, even when formal records requests were made for public documents. Those efforts also were hindered by the fact that regulatory agencies provided only limited data related to ASR wells, such as the maps provided by FDEP in Figure 1 . Those problems extended to standard federal publications addressing aquifer injections, such as Water-Resources Investigations Reports published by the USGS and copies of permits for aquifer injections. For example, a copy of the inventory and review of ASR in southern Florida (Reese, 2002) was requested soon after it was published by the USGS. In response to that request, the USGS indicated that their agency had been instructed by unnamed sources in Washington, DC not to release the report to the public because of purported national security reasons (Patsy Mixson, USGS, pers. comm.). After months of similar requests at different levels, a copy of the report finally was obtained from USGS, with the assistance of the Legal Environmental Assistance Foundation (LEAF).
Copies of aquifer injection permits that were obtained revealed that no requirements or conditions were included for monitoring to detect contamination of surface waters (including wetlands) resulting from those aquifer injections. Likewise, no conditions are included that would require monitoring or other assessments of the impacts of aquifer injections on fish and wildlife, particularly threatened and endangered species. These inadequacies appear to have persisted in the most recent government and institute publications proposing large-scale construction of new ASR wells in the Greater Everglades Basin (ACOE, 2014; Graham et al., 2015) , although locations of injection wells now are available on line (http://ca.dep.state.fl.us/mapdirect/?focus=uic).
Data Analysis
Actual "recovery" was determined by adjusting the results of cycle testing conducted in ASR test wells constructed in south Florida to compensate for differences between chloride concentration of water injected into ASR wells and water withdrawn from those wells (=reported chloride concentration/(recovered/injected concentration)). Spatial frequency analysis of previously mapped linear features indicative of fractures in the vicinity of the basin was conducted by creating rose diagrams similar to those created by Brook and Allison (1986) and Harnett and Barnett (1977) and using the description of length-weighted rose diagrams provided by Prost (2002) . The angular distribution of cumulative lengths was computed for the basin and for each sub-basin. The length-weighted rose diagrams did not clip lineaments at those boundaries because the objective was to show the total lineament length and potential groundwater connectivity through the fractures. Therefore, the total lengths of lineaments within the basin and sub-basin boundaries were used in calculations, including parts of those lineaments that extended beyond the basin and sub-basin boundaries. Individual rose diagrams were generated for the sub-basins and basin (center=0 km, outer circle=5,000 km and step=1,000 km) .
Geospatial analysis to assess fracture lineaments, sinkholes and wells was conducted in ArcGIS Version 10.2, as GIS is an established aid in visualizing and mapping rock properties in regions of subtle topography (Belt & Paxton, 2005) . The data layers for sinkholes and fractures were reconciled to a common, Robinson projection system. This pseudocylindrical projection has minimal distortions within areas approximately 45º north and south of the equator. The study area is located between 20º N and 30º N latitude, respectively. The Robinson Projection is known as a compromise projection that maintains all types of distortions to be relatively low over most of the globe (Usery, Finn & Mugnier, 2009; Dean, 2012) . The spatial join tool of ArcGIS was used to join the attributes of the two feature classes using the spatial relationship, "CLOSEST." The result was a list of distances to fracture lineaments from which the shortest distances were selected. (Reese, 2002) and three of the cycle tests (all at a single well) were conducted by the USGS at a single site (Lake Okeechobee/Taylor Creek/Nubbin Slough) in the northern vicinity of the Everglades restoration project. That area is the focus of one of the primary Comprehensive Everglades Restoration Plan (CERP) "ASR pilot projects" for proposed aquifer injections and withdrawals in the Everglades basin. The USGS report includes maps showing the locations of those sites (Reese, 2002) , presumably also included in Figure 1A , which reportedly depicts all injection wells permitted by FDEP through 2003. Table 3 includes chloride levels for: (1) the ground water in the aquifer layer receiving the injected fluids (ambient); (2) the injected fluids; and (3) the "recovered" fluids for the cycle tests as reported for the 18 ASR facilities in the nine southern-Florida counties inventoried by USGS (Reese, 2002) . The "storage" period for each of the ASR tests (number of days lapsed between the injection and withdrawal of fluids), as reported by USGS, also is provided in Table 3 . The reported "recovery" efficiencies for the three ASR cycle tests conducted by USGS were 3.1%, 2.7%, and 7.2% for "storage" periods of 0, 8, and 5 days, respectively. Those "recovery" efficiencies were equivalent to the lowest values reported for all of the cycle tests reported in the USGS inventory and review (Table 3 ). The engineering firm CH2M Hill conducted the initial cycle test at that Lake Okeechobee site, but failed to provide the chloride concentration of the injected canal water (see Table 5 from Reese, 2002) . The "recovery" efficiencies reported by USGS were based on the agency's adjustment of results to 250 mg/L.
Results
Reported "Recovery" vs. Actual "Recovery" Based on Adjustment of Chloride Concentrations
Actual "recovery" for our study, based on adjustments for chloride-concentration differences between the injected and "recovered" water from those cycle tests, also are included in Table 3 . Actual "recovery" for those cycle tests was considerably less than the reported "recovery" efficiencies evaluated by USGS (Table 3 ). All but three of the chloride concentrations for the "recovered" fluids are more than twice the chloride concentration of the injected fluids, as shown in bold in Table 3 . Examples of the "recovery" graphs from Reese (2002) from the east coast (Boynton Beach East Water Treatment Plant) and the west coast (Marco Lakes) are provided in Figure  4 . The lower horizontal lines in those two graphs represent the chloride concentrations of the injected water (fluids) for those ASR wells. The upper horizontal lines in those two graphs represent the chloride concentration of 250 mg/L. The X axis shows the percent "recovery" and reveals that the chloride concentrations (Y axis) of the "recovered" water rapidly exceeds the chloride concentrations of the injected water in all cycle tests at both sites.
Based on data provided by utility department staff and consultants and reported by USGS ("Reported Recovery" column in Table 5 from Reese, 2002) , the reported percentage of "recovered" water for many of the cycle tests is within the range of 30-90%. By comparing the values for "Reported Recovery" and "Actual Recovery" in Table  3 , however, the ranges of actual "recovery" calculated for the east coast ASR sites inventoried by USGS and rounded to the nearest percent were, by county: Broward -Broward 3-4%; Springtree 7-10%; Fiveash 2-3%; Shell Creek 5-12%; Manatee Road 1-6%; Miami-Dade -West Well Field 2-14%; Monroe -Marathon 0-12%; Palm Beach -Jupiter 0-9%; Boynton Beach 4-17%; West Palm Beach NR (no record of chloride levels) and St. Lucie -St. Lucie NR. Actual "recovery" for the first cycle test at Springtree was not calculated because the chloride concentration of the "recovery" water was lower than the chloride concentration of the injected water after a "storage" period of "0" days. Explanations for the reduced chloride content in "recovery" water for cycle 1 could include induced "recharge" of fresh water (lower chloride concentration) from the overlying surficial aquifer at or near the site of that injection well or from a greater distance away from the ASR well via preferential flow (e.g., fracture flow). The Everglades Wildlife Management Area is located to the west of the Springtree ASR well site and the vicinity of that ASR well site includes a myriad stormwater ponds, ditches, canals and channelized areas that previously were natural freshwater wetlands and streams, such as those associated with fractures. The ranges of actual "recovery" calculated for the west coast ASR sites inventoried by USGS were, by county: Collier -Marco Lakes 1-12% and Lee -Lee 9-10%; Corkscrew NR; North Reservoir 6%; San Carlos 0-1%; Hialeah 9-12%. The ranges of actual "recovery" calculated for Lake Okeechobee ASR sites inventoried by USGS and located in Okeechobee County (between the east and west coasts), were: Lake Okeechobee/Taylor Creek/Nubbin Slough 0-0%.
Locations and Orientations of Previously Mapped Fractures in the Vicinity of the Greater Everglades Basin
The locations of fractures previously mapped by Vernon (1951) , the Remote Sensing Section of FDOT (1973) and unidentified source(s) originating in an unauthored draft report by ACOE (2004c) and included in the ACOE Final TDR (2014) were incorporated into our ArcGIS database for this case study. This conversion of analog mapped lineaments enabled: (1) comparison of locations of fractures networks that were identified in those three independent sources; (2) calculation of the frequency and lengths of those previously mapped fractures in the vicinity of the basin, sub-basins and counties; (3) analysis of the proximity of those previously mapped fractures to ASR wells, other injection and withdrawal wells, and modern sinkholes. The locations of these three sets of previously mapped fractures are shown in Figure 5 . Table 2 includes the number of fractures from each data set that occurs within each sub-basin.
The fractures mapped by Vernon (1951) only extend into the northern vicinity of the basin because the focus of that study was further north. The only counties associated with the basin where the fractures mapped by Vernon (1951) occur include Lake, Okeechobee, Orange, Osceola, Polk and St. Lucie ( Figure 5 ). The fractures originally reported in the draft ACOE report (2004c) are concentrated in the southern vicinity of the basin. That mapping project appears to have excluded the northern portions of Osceola and Polk Counties and all of Lake and Orange Counties ( Figure 5 ). The most extensive fracture network was mapped by FDOT (1973) and covers all counties associated with the Greater basin and the entire State of Florida. The absence of lineaments representing fractures in the center of south Florida coincides with the location of Lake Okeechobee and results from the inability to detect those linear features across water bodies with the aerial photography and satellite images used for those three data sets. Therefore, the absence of mapped lineaments in that area of Figure 5 does not signify the absence of fractures underlying Lake Okeechobee. Table 4 summarizes the frequency of fractures, lengths of shortest and longest fractures and mean fracture lengths from ACOE (2004c), FDOT (1973) and Vernon (1951) fractures in counties included entirely or partially within the basin. Results provided in Table 4 also indicate which counties included in the basin were not considered by ACOE (2004c) and Vernon (1951) . The greatest frequency of fractures mapped by Vernon (1951) occurred in Osceola County (59), followed in descending order by Orange (42), Polk (40), Lake (33), Okeechobee (8) and St. Lucie (4) Counties (Table 4) . A triple-digit frequency of fractures mapped by FDOT (1973) occurred in Polk (142), Lake (121) and Osceola (106) Counties (Table 4 ). The remaining counties entirely or partially within the basin each had a double-digit frequency of fractures mapped by FDOT (1973) and the frequency in all of those counties was greater than the frequency of fractures mapped by Vernon (1951) in each of those counties. Each of the counties also included a double-digit frequency of fractures reported by ACOE (2004), except for Lake and Orange Counties, which were not included in that draft report by the ACOE (2004) and Osceola and Polk Counties. The greatest frequency of those fractures occurred in Highlands (79), Hendry (75), Glades (74) and Okeechobee (67) Counties. When all of the fractures in those three data sets are combined for each county, Polk County has the greatest frequency of fractures (185) and a total of 10 of the 18 counties have a triple-digit frequency of fractures, with the remaining counties having a double-digit frequency of fractures (Table 4 ).
Frequency and Lengths of Fractures in the Vicinity of the Greater Everglades Basin
The longest fracture mapped by Vernon (1951) was approximately 155 km (97 mi) in length and extended through Lake, Orange and Osceola Counties associated with the basin. The shortest fracture mapped by FDOT (1973) was approximately 5 km (3 mi), which was more than twice as long as the shortest fracture mapped by Vernon (1951) and more than 3.5 times as long as the shortest fracture mapped by ACOE (2004c). The longest fracture mapped by FDOT (1973) was approximately 400 km (249 mi) in length and extended through DeSoto, Lake, Orange, Osceola and Polk Counties. The longest fracture reported by ACOE (2004c) was approximately 291 km (180 mi) in length and extended through Collier, Dade, Glades, Henndry, Lee and Monroe, while other fractures reported by ACOE extended through Palm Beach and St. Lucie Counties. Mean fracture lengths for counties associated with the basin ranged from approximately 22-39 km (13-24 mi), 83-128 km (51-79 mi) and 11-55 km (6-34 mi) for Vernon (1951) , FDOT (1973) and ACOE (2004c) fractures (Table 4 ). Figure 8 includes histograms of the lengths of fractures mapped from aerial photographs (Vernon, 1951) and satellite images (FDOT, 1973 and ACOE, 2004c) in each of the 18 counties entirely or partially within the Greater Everglades Basin. FDOT (1973) and Vernon (1951) (225), Orange (191) and Lake (100) Counties, in descending order. Those same counties, in addition to Osceola County (1,421) have the greatest frequency of fracture intersections (1,578, 1,027 and 1,058, respectively) of the 10,638 fracture intersections in counties associated with the basin. Figure 9 illustrates the proximity of fractures to permitted ASR wells in the vicinity of the basin and associated counties ( Figure 9A ), in the southern extent of the basin ( Figure 9B ) and in the northern extent of the basin and associated counties ( Figure 9C ) in the three data sets evaluated in our study (ACOE, 2004c; FDOT, 1973; Vernon, 1951) . The proximity of fractures to permitted ASR wells, other Class V injection wells, Class I injection wells and modern sinkholes in the three data sets evaluated in our study is illustrated in Figure 10A . Figure 10B depicts the proximity of fractures in the three data sets evaluated in our study to permitted ASR wells, other withdrawal wells (permitted by the SFWMD, SWFWMD and SJRWMD) and modern sinkholes. Figure 9 includes the approximate submarine boundary of the Florida aquifer system, also known as the continental shelf, where the extension of some of the fractures mapped on the Florida peninsular have been documented. Fractures associated with existing ASR wells have been extended to that submarine boundary in the Atlantic Ocean and Gulf of Mexico in Figure 9B and 9C as dashed lines, with the same colors used for the three fracture data sets on the peninsular. These dashed lines illustrate the potential pathways for the preferential flow of fluids injected into ASR wells and the discharge of those fluids into near-shore coastal waters. These same fractures also could result in the preferential flow of saline water to inland portions of the aquifer system during withdrawals from those ASR wells. This study was not designed to anaylize the similarity in positions of fractures in the three data sets, but fractures from individual data sets did not appear to coincide with fractures from other data sets. Figure 10 . Proximity of fractures reported by ACOE (2004c) and mapped by FDOT (1973) and Vernon (1951) , as described in Figure 9 , in the vicinity of the Greater Everglades Basin and associated counties to: A. permitted ASR wells (green circles), other Class V injection wells (pink circles), Class I injection wells (yellow circles) and modern sinkholes (blue circles) and B. permitted ASR wells, other withdrawal wells permitted by SFWMD (purple circles), SWFWMD (lavender circles) and SJRWMD (pale pink circles) and modern sinkholes (blue circles)
Locations and Frequency of ASR Wells, Other Injection and Withdrawal Wells, Modern Sinkholes, Fractures and Fracture Intersections
Journal of Geography and Geology Vol. 7, No. 2; 2015 Figure 9A-D are histograms of the proximity of ASR wells, other injection wells, other withdrawal wells and sinkholes in the basin, respectively, to fractures in each of the three data sets and to all fractures combined. Approximately 50 ASR wells are located within 0.25 km of a fracture and the majority of the ASR wells are located within 2 km of a fracture from these three data sets ( Figure 11A ). A similar pattern occurs for the proximity of other aquifer-injection wells to fractures, with approximately 900 injection wells located within 0.25 km of a fracture from these three data sets ( Figure 11B ). More than 35,000 of other withdrawal wells are located within 0.25 km of a fracture from these three data sets ( Figure 11C ). Approximately 400 sinkholes are located within 0.25 km of a fracture from these three data sets ( Figure 11D) . 
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Discussion
Reported vs. Actual "Recovery" from ASR Wells
Chloride is a component of the water in the aquifer zone where the ASR fluids are injected and is used to determine if water is brackish, saline or hypersaline. Therefore, chloride concentrations provide a readily available means of determining whether the nonsaline ASR fluids that are injected into an aquifer zone remain in an intact "bubble," as claimed in unpublished and published documents by agencies (e.g., Reese, 2002; Reese & Alvarez-Zarikian, 2007 ) and other proponents of ASR (e.g., Brown, 2005 ; and the powerpoint presentation by R. David G. Pyne, ASR Systems LLC at the American GroundWater Trust IV convention in Tampa, Florida, April 15-16, 2004) , or whether the injected fluids co-mingle with and/or displace the aquifer water. In cycle tests where the chloride concentrations were not recorded, actual "recovery" cannot be determined. For example, in the cycle tests where CH2M Hill did not provide the chloride concentration of the www.ccsenet.org/jgg
Journal of Geography and Geology Vol. 7, No. 2; 2015 canal water that was injected during the ASR cycle test, the actual "recovery" of the cycle test that CH2M Hill conducted could not be determined. That type of omission in the available ASR data reflects the lack of basic scientific constraints at both the regulatory level and consultant/private industry level regarding ASR.
For the purposes of the USGS review, "recovery" was considered to be complete at a predetermined chloride level, regardless of the chloride concentration of the injected fluids (Reese, 2002 , Table 5 ). The 250-mg/L chloride level selected by USGS to determine the reported "recovery" from tested ASR wells is related to the potable water standards for chloride levels under the SDWA, which is set at the designated level that water is considered too saline too drink.
In reality, the groundwater withdrawals during the part of the cycles representing the "recovery" period characteristically continued until the chloride concentration of the "recovered" water was more than twice the chloride concentration of the injected fluids. In numerous cases, the chloride concentration of the "recovery" water exceeded even the 250-mg/L chloride concentration that was supposed to signal the conclusion of the cycle test. For example, the chloride concentration of the "recovery" water was approximately 386 times greater than the chloride concentration of the injected water for the first cycle test of the ASR well conducted by CH2M Hill in Marathon (Florida Keys, Monroe County, see Table 5 from Reese, 2002 ).
The strikingly lower actual "recovery" values compared to reported "recovery" values in Table 3 are important in illustrating that none of those ASR cycles represent significant "recovery" of injected fluids. At best, ASR injections result in either rapid co-mingling of injected fluids with ground water or displacement of water and other fluids in the aquifer system (including the surficial aquifer) or both. That co-mingling was being referenced in the Florida Keys as "blended" water, in response to an increasingly educated public's concerns. In reality, the available data provide no evidence that any of the water injected into the ASR wells is capable of being recovered, particularly considering that ground water is not static, but flows. In fact, chloride contamination of the Floridan aquifer system has occurred via preferential flow through faults (Maslia & Prowell, 1990) . That provides additional support for the conclusion that there is no scientific basis for the determination of the reported "recovery" data and the actual "recovery" data only indicate the percentage of "recovery" based on the reported chloride content of the water that was injected and withdrawn. Despite the limitations of the data, the results are sufficient to confirm that widely held claims of ASR's success in southern Florida are not valid and that significant environmental harm should be expected from those injections and withdrawals.
Disposal vs. "Storage"
Common definitions of "recovery" include, "[T]o get back:regain." "[A]n act, instance, process, or period of recovering." "[A] return to a normal condition." (Soukhanov & Ellis, 1984) . It is difficult to justify use of the term "recovery" for ASR in southern Florida, based on the ranges of actual "recovery" provided in Table 3 . The results taken from the data summarized by USGS more accurately constitute disposal rather than "recovery" and refute the theory accepted by funding and permitting agencies that injected fluids are retained as an intact "bubble" in the aquifer.
Actual "recovery" was not calculated for cycle test #1 at the Springtree Water Treatment Plant in Broward County because the chloride concentration of the "recovered" fluids was lower than the chloride level of the injected fluids after a "storage" period of 0 days (i.e., withdrawals initiated immediately after the injections). The most plausible explanation is that the withdrawals during the "recovery" period resulted in induced "recharge," pulling nonsaline (lower chloride) water downward from the surficial aquifer. The induced "recharge" from the overylying surficial aquifer could have come from stormwater ponds, ditches, canals or other channelized or excavated areas that previously were natural freshwater wetlands and streams, such as those commonly associated with fractures. The Springtree ASR site is surrounded by those types of lower chloride surficial aquifer sources and the Everglades Wildlife Management Area is located to the west of the Springtree ASR well site, all of which are subject to induced "recharge" and preferential flow (e.g., fracture flow) in response to withdrawals from ASR wells. Subsequent cycles at that same facility yielded only 8.5%, 10.1%, 10.1% and 7.3% actual "recovery." Agency staff has attributed reduced "recovery" of subsequent cycle tests to clogging or plugging of the well with fine particles, thus reducing the volume of ground water that can be pulled from the aquifer (e.g., Thomas Scott, DEP, pers. comm., 9/26/00).
The available evidence, including comparisons of chloride concentrations for injected and "recovered" water, confirm that ASR has not fulfilled proponents' claims that ASR is a means of "storing" or "recovering" water injected into the aquifer, a "new water supply" and groundwater "recharge" alternative (Pyne, 1988) , or a potential solution to the eutrophication of Lake Okeechobee and the Everglades, as proposed by Garcia-Bengochea and Muniz (1988) . Despite the inadequacies of the Reese (2002) report and all subsequent www.ccsenet.org/jgg
Journal of Geography and Geology Vol. 7, No. 2; 2015 reports that relied on the data and approaches described in that report, that inventory and review did provide valuable information about the alleged "performance," or more accurately, the lack of performance of ASR in southern Florida. Those results suggest that there is no apparent evidence that the results or "performance" of ASR were dependent on geographic area, ambient chloride concentration of the aquifer zone receiving the injections, chloride concentration of the injected fluids, injection volume, withdrawal volume, or possibly even the firm(s) responsible for construction/operation of the facilities. Regardless of the varying circumstances under which the more than 80 cycle tests occurred at the locations throughout southern Florida, none of the results could be considered as "storage" or "recovery" under the common definitions of those terms. The results more clearly fit the definition of underground disposal. Consequently, ASR wells simply function as additional "disposal" and water supply wells, without providing any additional aquifer capacity to support those groundwater withdrawals.
Inadequate Scientific and Regulatory Oversight
No Scientifically Designed and Executed Studies
The USGS was involved in only three of the more than 80 cycle tests conducted at 18 ASR sites in nine counties that were summarized in the USGS inventory and review (Reese, 2002 . The USGS report focused on the ASR facilities that were injecting into formations historically identified as components of the Floridan aquifer system. Of the 27 facilities, 22 (including CERP wells) injected and withdrew fluids from areas identified as the upper Floridan aquifer system, where the ground water was brackish to saline (Reese, 2002) . The ASR facilities that were reviewed by USGS primarily are considered as a supplemental water supply for municipalities that have exhausted existing water resources and cannot supply potable water to their current population or have no water resources to supply potable water for future development.
The USGS (Reese, 2002) relied on data collected and provided by the utility department staff and their consultants for the majority of the cycle tests and site information included in that inventory. Those data were not collected as part of a scientifically designed and executed study. Those inadequacies limited the inferences that could be drawn from the results. Another important factor to consider is the conflict of interest associated with the data collection effort, because both the utility departments and the engineering firms that produced the data evaluated in the USGS report were positioned for considerable financial gain from government grants, contracts and other forms of funding to implement and expand ASR if results of the tests appeared favorable. Despite the inadequacies of the described ASR tests, the results of those cycle tests and related peer-reviewed scientific published literature are sufficient to conclude that ASR pilot studies are not necessary to determine that ASR injections and withdrawals in southern Florida constitute unaddressed environmental threats to the Everglades and associated surfacewater ecosystems.
Monitoring
Monitoring can be designed to evaluate water levels and water chemistry (e.g., the presence/concentration of contaminants) in wells providing access to various zones of the aquifer system. There is no indication in any records, reports, or publications available for review that monitoring wells associated with any ASR wells have been located in the surrounding natural wetlands to evaluate any potential changes in hydroperiods. Likewise, there is no indication that any comprehensive monitoring of any natural surface waters, including wetlands, has been associated with ASR wells. The primary purpose of monitoring wells required for other types of aquifer injection wells, such as those that inject sewage effluent, is to determine if the injected (disposed) fluid wastes are flowing vertically upward and may contaminate an overlying aquifer zone being used to supply water for human consumption. Some local communities (e.g., Stuart, Florida) have established a harbor master facility with around-the-clock duty and police backup to enforce rules prohibiting sewage-related "dumping" in coastal waters (St. Johns River Water Management District, 2004) . Ironically, neither the harbor master nor the police backup would have any means of detecting subsurface discharges of sewage-related contaminants that are displaced by, or contained in ASR injections and enter coastal waters as subsurface/submarine discharges. A comparable level of monitoring and enforcement for ASR and other aquifer injections does not occur, though the consequences can be just as hazardous and the technology is available.
ASR Analysis and Groundwater Modeling
Previous analysis of ASR by the ACOE, with its consultants (Mirecki, Bennett & Lopez-Balaez, 2013) , was scientifically flawed because it failed to consider preferential flow through fractures and did not even acknowledge the presence of fractures associated with that ASR site. This deficiency occurred despite the fact that two documents (ACOE, 2004c; produced by the agency of the senior author in that evaluation (Mirecki et al., 2013) identified multiple data sets of lineaments representing fractures in southern Florida, including the vicinity of the Kissimmee River. The influence of heterogeneous flow in the Floridan aquifer system influences ASR injections and withdrawals (Hutchings, Vacher, & Budd, 2004) . More specifically, none of the fractures in the vicinity of the ASR well at the single ASR site analyzed by Mirecki et al. (2013) , in the vicinity of the Kissimmee River, were identified or monitored in the study, no extensive monitoring network was established in the Kissimmee River. In fact, neither this nor any of the other ASR tests evaluated in our study included isotopic analysis, trilinear chemical analysis or tracer analysis, such as those described by Bacchus et al. (2014) , Davies et al. (2004 ), Fetter (1988 , Freeze and Cherry (1979) , Kincaid et al. (2004) , Kincaid, Davies, Werner, and DeHan (2012) , Schindel et al. (2004) and Wilcox, Solo-Gabriele and Sternberg (2004) , of the ambient ground water, injected water or "recovered" water at the ASR sites. Results from those types of analyses could have been used determined if the injected fluids formed a "bubble" or flowed rapidly away from the ASR injection sites (as the chloride data suggests) and what percent, if any, of the water injected into ASR wells is "recovered."
The "monitoring" wells constructed by Mirecki et al. (2013) to test the performance of the ASR well in that study (e.g., positioned directly north and east of the ASR well) and sampling at those monitoring wells occurred only weekly, not continuously. Additionally, the chloride concentrations for injected ("recharge") water was provided in Table 2 of Mirecki et al. (2013) , but the chloride concentrations of "recovered" water from those cycle tests were not included. That ASR well was constructed adjacent to the Kissimmee River Canal near the shore of Lake Okeechobee and approximately 0.5 km (~1,650 ft) northeast of a fracture identified in the draft report released by ACOE (2004c). Therefore, the "monitoring" wells should not be expected to detect the preferential flow or arsenic contamination if preferential flow is occurring diagonally, in the direction of the fracture, rather than in monitoring wells (e.g., south and east of the ASR well). Preferential flow documented in the Everglades basin has been used to assess contaminant transport (Cunningham, Renken, Wacker, & Zygnerski, 2003; Renken et al., 2004) , providing additional support for assessing preferential flow in any evaluation of ASR injections and withdrawals. Based on these inadequacies of the ASR evaluation by Mirecki et al. (2013) , there is no scientifically based data to support the claims of 143%, 99% and 102% volume "recovered" in the three cycle tests for that study or for claims of arsenic "attenuation." Consequently, that evaluation provides no valid supporting data for the stated "overall objective of CERP ASR pilot system operations is to evaluate ASR feasibility at representative locations in south Florida," including: "(1) percent recovery of recharged surface water; (2) regulatory compliance with all state and Federal water-quality criteria; and (3) cost effective subsurface storage." (Mirecki et al., 2013) ."
The ACOE's Final TDR included a Final Technical Groundwater Model Project and ASR Report (ACOE, 2014) . Although the Final TDR acknowledged the presence of fractures determined by an unidentified source, the document failed to include fractures by another source that was identified in the 2004 report (ACOE, 2004c) or the fractures and faults identified by Vernon (1951) and fractures identified by the FDOT (1973 Vol. 7, No. 2; 2015 groundwater withdrawals from the Floridan aquifer system had resulted in breaches of groundwater divides used for groundwater modeling in that regional karst aquifer system. The extent to which preferential flow through fractures contributed to the dewatering of adjacent basins was not investigated. Therefore, there is no scientific basis for not incorporating an anisotropy option in the regional model or for the first of the "Essential findings" or the 232 ASR wells recommended in the "Summery and Conclusions" of the ACOE's Final ASR Regional Study TDR, which stated:
Essential findings from this project are as follows:
• Large capacity ASR systems can be built and operated in south Florida. ...
Summary and Conclusions
The models described in this chapter were developed in support of CERP to look at regional hydrogeologic impacts of the proposed 333 ASR wells in southern Florida...
...The modeling process showed that pump pressure requirements and protection of the APPA can be met with approximately 94 ASR wells in the UFA, 37 ASR wells in the APPZ and 101 ASR wells in the BZ if the extraction at sites near the APPA is significantly reduced. Figure 12A is an enlargement of the Lake Okechobee vicinity from Figure 9 . This figure includes the Kissimmee CERP ASR well (1 -permitted on 5/19/04), the Taylor Creek ASR test site (2 -permitted on 6/22/88), the Port Myaka Experiment-1 ASR well (3 -permitted on 11/20/03), the US Sugar ASR well (4 -permitted on 1/1/90), the Moore Haven ASR well (5 -permitted on 1/15/02) and the Loer Paradise River ASR well (6 -reportedly dated 1/1/90 and unpermitted). This figure clearly shows the proximity of that Kissimmee ASR well to one of the northwest to southeast fractures identified by the ACOE (2004c, shown in green). That fracture is aligned with a sinkhole to the northwest, in Highlands County. The extension of that fracture also is aligned with a Class V and a Class I injection well to the southeast, in northeast Palm Beach County, in the vicinity of another sinkhole. Figure 12A also clearly shows the proximity of those other ASR wells associated with Lake Okeechobee to fractures identified by the ACOE (2004c, shown in red) and mapped by FDOT (1973) and the extensions of those fractures (dashed lines). Note that numerous other Class I and Class V injection wells and additional sinkholes are associated with the fractures and fracture extensions associated with those ASR wells.
Performance of ASR Wells in Southern Florida Summarized by USGS
Claims that "performance" of ASR improves after multiple cycles, or long-term injections are based solely on the ability to force larger volumes of water into the aquifer at a given well location. This phenomenon is the result of severe erosion and/or dissolution of the aquifer matrix comprising the structural component of the aquifer, meeting the USEPA's definition of fracking. More water can be forced into and extracted from the aquifer when the underground channels or conduits in the aquifer (e.g., fractures) are large, are enlarged by repeated injections and withdrawals or are connected to potential discharge points such as surface waters.
The commonly recognized concepts of karst groundwater and aquifer responses have been described in the extensive scientific literature, including documentation of preferential flow through fractures in the Floridan aquifer system since at least the 1980s (Brook, 1985) and did not require expenditure of $45 million for ASR pilot projects that ignored those well-established facts. According to common definition, pilot projects are conducted to serve as a tentative model for future experiments or development (Soukhanov & Ellis, 1984) . The scientific literature abounds with documentation of karst aquifer responses and concomitant environmental impacts resulting from actions such as those associated with ASR. Specifically, repeated aquifer injections and withdrawals in Florida's karst aquifer system damage the structure of the aquifer system; mobilize, co-mingle with, displace and transport contaminants; result in subsurface discharges of contaminants to coastal waters; and other surface waters and destroy natural wetlands.
Adverse Environmental Impacts
Environmental Harm from ASR Injections and Withdrawals
The information summarized in the USGS inventory and review (Reese, 2002) provides insight regarding the lack of regulatory oversight for ASR in Florida. Clear examples are provided in the absence of any requirements for rigorous, scientifically based monitoring to determine the success of ASR injections and withdrawals and the lack of monitoring to identify adverse environmental impacts. Based on the copies of ASR permits and related documents that could be obtained after efforts spanning several years and reviewed for this evaluation, it was evident that monitoring conditions included in the original permit can be and often are abandoned after construction and initial operation of ASR wells. When the abandonment of monitoring is authorized by the regulatory agencies, it is done with the unsupported presumption that the injections and withdrawals cause no www.ccsenet.org/jgg
Journal of Geography and Geology Vol. 7, No. 2; 2015 environmental harm. The environmental harm to Florida's coastal ecosystem from injection wells has been described in length (Bacchus, 2000a; 2001; Bacchus et al., 2014) . The chemical composition of natural groundwater discharges also is essential in maintaining native plant communities characteristic of those discharges (Klijn & Witte, 1999; Meinzer, 1927; Rosenberry, Striegl, & Hudson, 2000) . Both ASR injections and withdrawals could result in adverse impacts to the quality and quantity of groundwater seepage to native plant communities.
Additional uncertainties that could affect ecosystem restoration is the adverse environmental impacts and price of energy. The current Central and South Florida (C&SF) Project and the proposed restoration plans require large amounts of energy to operate. The Department of Defense has in recent years considered energy to be its single largest future constraint, constituting a threat to national security (ACOE, 2014) . Thus the annual energy costs of pumping water in a fully restored South Florida ecosystem could be substantial (Graham et al., 2015) and the adverse environmental impacts of that energy use were not considered by the ACOE (2014).
The regulatory agencies also require no evaluations of environmental harm from groundwater withdrawals via ASR wells or other groundwater withdrawal wells. Examples of environmental harm already evident included increasing saltwater intrusion that already is a problem in the Everglades basin (Fitterman & Deszcz-Pan, 1999) and other areas of the Floridan aquifer system (Spechler, 1994; Spechler & Phelps, 1997) , dewatering wetlands and resulting in the spread of invasive plants . Groundwater withdrawals have resulted in chloride contamination of the Floridan aquifer system via fracture flow, with substantial quantities of high-chloride water leaking (migrating) vertically upward through breaches in the nearly impermeable units that confine the Upper Floridan aquifer from below, in response to pumping (Maslia & Prowell, 1990) . Figure 12 B is an enlargement of the area of Figure 9 that includes the large ASR facility permitted for the City of Cocoa, Brevard County, but that facility is located in Orange County. This facility is considered the "model" for ASR in Florida, but the permits for this facility require no monitoring of environmental impacts from aquifer injections and withdrawals. Permits for the construction and operation of four ASR wells at that facility were issued in the 1980s. In 1997, permits were issued by the FDEP to construct and operate six ASR wells (UC-48-294-600 and UO-48-213-351, April 1, 1997 and June 17, 1997). The FDEP electronic database for ASR wells indicates that four additional ASR wells were tested and operated at that location in 2002 (August 1, 2002 and October 4, 2002) . That cluster of ASR wells and the water treatment ponds for that facility are associated with three intersecting fractures mapped by FDOT (1973) that are located between that ASR facility and Tosohatchee State Reserve (TSR). That network of intersecting fractures also extends through the St. Johns River east of that facility. None of the permits for those ASR wells required monitoring in wetlands within state lands, such as TSR, located immediately north of the City of Cocoa's 10 ASR wells or the navigable waters of the state and US, such as the St. Johns River, for degradation of the water quality or perturbations of the natural hydroperiods of the wetlands or the river. Figure 12C is an enlargement of the Figure 9 area and includes two ASR clusters located in DeSoto County, similar to those in Figure 12B . This ASR site is known as the Peace River ASR site, includes 22 ASR wells located along the west bank of the Peace River and is the oldest ASR project in Florida. Initial investigations began at this site in 1983, full-time operations were initiated in 1988 and the number of wells has been expanded several times since initiation (Brown, 2005) . The source water for this ASR site is treated water from the Peace River, with chloride levels ranging from 30 to 162 mg/L and sulfate levels ranging from 32 to 175 mg/L, respectively. In addition to periods of low flow, the Peace River also has extensive algae blooms, complicating water treatment and resulting in taste and odor problems (CH2M Hill, 1985) . The ASR injection zone is located in the Suwannee zone in the upper Floridan aquifer system. The ambient groundwater quality in the Suwannee zone was reported by CH2M Hill (1985) as "slightly brackish with TDS values ranging from 650 to 800 mg/L, chloride ranging from 151 to 206, sulfate ranging from 216 to 232 mg/L, and low levels of metals including arsenic (7 ug/L) and calcium (75 mg/L)."
Note that the alignment of one cluster of those ASR wells is oriented in a northeast to southwest direction that coincides with the fracture mapped by FDOT (1973) . That fracture appears to be centered through the long axis of that cluster of wells. A Class V injection well for reverse osmosis (RO) brine waste (pink circle) also is associated with that fracture, immediately northeast of that cluster of ASR wells. Another fracture, reported by ACOE (2004c) and oriented northwest to southeast intersects that FDOT (1973) fracture, in the center of that cluster of ASR wells and also intersects with another fracture reported by ACOE (2004c) and oriented northeast to southwest. The network of fractures and fracture intersections associated with those ASR clusters and the injection well for RO brine all intersect the Peace River immediately east of the ASR and other injection wells, www.ccsenet.org/jgg
Journal of Geography and Geology Vol. 7, No. 2; 2015 144 but none of those permits required any scientifically based environmental monitoring to determine the environmental impacts of those ASR and brine waste injections and ASR withdrawals on the Peace River and associate ecosystems.
The percent "recovery" efficiency (RE) for the first cycle tests at this facility was "321, 106, 115, 89, 98" based on "Volume In (Mgallons)" of "3. 83, 6.38, 6.06, 6.62, 9.78" and "Volume Out (Mgallons)" of "12.29, 6.75, 6.98, 5.90, 9 .58" for storage periods of 3, 1, 1, 1 and 17 days, respectively (Brown, 2005) . Clearly it is impossible to "recover" more than 3 times the volume of water that is injected into the aquifer and "stored" for only 3 days, as implied by the "Volume In" and "Volume Out" results for the first cycle test at the Peace River ASR site. Those results suggests that withdrawals from those ASR wells may be dewatering the Peace River via the network of fractures that insect the ASR wells and the Peace River. Figure 12 . Proximity of fractures reported by ACOE (2004c) and mapped by FDOT (1973) and Vernon (1951) and extensions, as described in Figure 9 , associated with permitted ASR wells (green circles), other Class V injection wells (pink circles), Class I injection wells (yellow circles), and modern sinkholes (blue circles) in the vicinity of: A. Lake Okeechobee; B. the City of Cocoa ASR facility and well cluster in Orange County; and C.
B C
the Peace River water treatment plant and ASR well cluster in DeSoto County www.ccsenet.org/jgg
Journal of Geography and Geology Vol. 7, No. 2; 2015 Depressional pond-cypress (Taxodium ascendens) wetlands, forested riverine wetlands and upland ecosystems, all of which provide wildlife habitat, occur in the TSR and Taylor Creek, in the vicinity of the fracture network associated with those ASR wells. Some of those ecosystems exhibit typical symptoms of chronic stress from anthropogenic groundwater alterations that disrupt natural hydroperiods. Pond-cypress wetlands occur throughout the southeastern coastal plain (Godfrey, 1988) , which coincides with the extent of the Floridan aquifer system (Miller, 1986) . Pond-cypress wetlands occur in relict sinkholes Watson, Stedje, Barcelo, & Stewart, 1990) and both sinkholes and streams are known to be associated with fractures in karst aquifer systems and to influence the hydrology of the Floridan aquifer system (Patten & Klein, 1989) . Therefore, wetlands in those ecosystems can be used as a hydroecological indicator of groundwater alterations that result in adverse environmental impacts (Bacchus, 1996; 2000b; Bacchus et al., 2003; Bacchus & Brook, 1996; Bacchus et al., 2014; Bacchus, Brook & Hamazaki, 1997; Bacchus, Hamazaki, Britton & Haines, 2000) . Bacchus et al. (2003) describe how groundwater withdrawals, including withdrawals from ASR wells, can result in hydroperiod alterations in these depressional wetlands and other ecosystems. Despite the knowledge that groundwater withdrawals can result in irreversible harm to depressional wetland ecosystems in the Floridan aquifer system, ASR wells frequently are located in the immediate vicinity of these wetland ecosystems. Another example is the ASR well at the Pelican Bay wellfield in Collier County, shown in Figure 13 . 
Environmental Harm from Mobilization of Arsenic and Other Contaminants
When the abandonment of monitoring is authorized by the regulatory agencies, the abandonment, like the initial permitting also presumes that the injected fluids are not harmful or hazardous to the environment without any supporting data. This approach disregards the potential mobilization of harmful contaminants present in the aquifer system (e.g., injected sewage effluent and other wastes) and mobilized from the aquifer formations (e.g., arsenic). Arsenic mobilization and contamination from ASR injections are not confined to the Greater Everglades Basin. Arsenic mobilization has been documented throughout the Floridan aquifer system (Price & Pichler, 2004) as well as in other aquifer systems (Herczeg, Rattray, Dillon, Pavelic, & Barry, 2004) after ASR injections of "reclaimed" water (aka sewage effluent). McNeill (2000) also documented upward migration of sewage effluent injected into the Floridan aquifer system in the Greater Everglades Basin.
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Journal of Geography and Geology Vol. 7, No. 2; 2015 Water quality was not the focus of our study, but water quality degradation associated with operations of ASR wells in southern Florida is related to the inadequate regulation of ASR wells. In 2004, the Chief Operator of the model City of Cocoa's ASR facility was notified by letter from George Heuler in FDEP's UIC Section that "anomalous arsenic data has been accumulated at the ASR facility." The letter referenced violations of the arsenic standard (10 mg/L effective January 1, 2005) addressed in the report by Pyne, McNeal and Horvath (2004) . That report identified numerous ASR wells in Florida producing water with elevated concentrations of arsenic, but did not identify those wells or facilities. The DEP letter further stated:
The Department requests that the City implement an arsenic monitoring program at the ASR facility as soon as practical in order to assess this situation using the ASR wells and any pre-existing monitoring wells at the facility. New monitoring wells may be needed in order to do this correctly. Please submit an arsenic monitoring program proposal within fourteen (14) days of receipt of this letter.
Repeated attempts through 2005 to obtain copies from FDEP of the monitoring program proposed or implemented by the City of Cocoa produced no documents. The FDEP letter referenced above also revealed that the Department's Tallahassee office had not received the "Monthly Monitoring Reports" (MORs), annual reports or general correspondence for that facility for at least 18 months.
Similarly, repeated Freedom of Information Act (FOIA) requests were submitted to the USEPA's Region 4 Headquarters in Atlanta (February 23, 2005 to September 7, 2005 . Those requests were for all documents related to the City of Cocoa's ASR facility. Those FOIA requests produced only a single document, the 1992 report prepared by CH2M Hill regarding the City of Cocoa's ASR facility. No documents were produced that:
(1) referenced or even acknowledged elevated arsenic levels in "recovery" water from those ASR wells or (2) addressed monitoring programs referenced in the FDEP's letter. Additionally, the arsenic standard referenced in the notice of violation letter from FDEP's UIC Section is a standard for potable water, regulated under the SDWA. That level was not established as a safe level for marine, estuarine and aquatic organisms exposed to the arsenic-laden water flowing horizontally through fractures and discharging in environmentally sensitive coastal areas or inland surface waters, because the assumption of the "UIC" program is that water injected into ASR wells is retained in a "bubble" around the end of the well. Proponents of ASR argue that arsenic-contamination of "recovery" water from ASR wells is not a concern because that water can be treated before it is distributed from municipal water supply facilities. That argument ignores the fact that preferential flow of arsenic-contaminated water can occur, contaminating private residential wells and surface waters, where the water is not treated for human consumption or ecosystem protection.
Problems related to ASR regulations based on standards for potable water are not restricted to arsenic. Nitrate pollution also represents a significant environmental threat. The SWDA allows for 10 mg/L concentrations of nitrate in water for human consumption. The maximum standard allowed in discharge of clear spring waters in the state of Florida, however, is 0.35 mg/L. nitrate/nitrite. That SDWA limit is approximately two orders of magnitude greater than the limit for Florida's springs. The SDWA's allowable concentration of nitrate also is approximately three orders of magnitude greater than the natural background representative of Florida's groundwater, which is approximately 0.05 mg/L. None of the water injected into ASR wells, but not recovered (i.e., 88-100%), can be treated to remove contaminants such as arsenic and nitrate that exceed levels that are harmful to ground and surface waters before that water contaminates the aquifer and surrounding surface waters. In fact, Pyne, (1995) reported groundwater and ASR "recovery" water contamination from arsenic and upcoming (induced "recharge" from underlying brackish, saline or hypersaline groundwater) at the model Cocoa ASR site, near the Tosohatchee State Reserve. He also concluded that "karst-like conduits may exist that effectively reduce the RE percentage due to mixing and dispersion" at that ASR facility. Neither that report, nor other ASR studies evaluated if ASR injections and withdrawals resulted in contaminated ground water discharging to surface waters or other environmental impacts of those ASR injections and withdrawals.
The Endangered Species Act and Migratory Bird Treaty Act
In March, 2015, following the 2014 release of the ACOE's Final TDR addressing ASR, the University of Florida's Water Institute released an independent technical review of options to reduce the high volume of freshwater contaminated with agricultural pollutants that is being discharged to the St. Lucie and Caloosahatchee estuaries along the southeast and southwest of Florida, respectively (Graham et al., 2015) . Figure III -6 of that report includes a map showing the locations of Greater Everglades Ecosystem restoration construction projects that have been completed, are under construction or are in the design or conceptual phase, but makes no specific reference to ASR wells. Despite this lack of reference to ASR, the primary focus of the ACOE's Final TDR promotes the large-scale incorporation of 232 ASR wells in restoration projects included in that map, such as the Kissimmee River Restoration (ACOE, 2014; Graham et al., 2015) . The Water Institute's review was initiated because of the substantial adverse ecological and economic impacts from regulatory releases of fresh water from Lake Okeechobee via the St. Lucie and Caloosahatchee Rivers, but the review was based solely on pre-existing information (Graham et al., 2015) .
The Water Institute's report included a discussion of the Migratory Bird Treaty Act (MBTA) that applies to adverse environmental impacts for ASR wells, although the report did include examples of those adverse environmental impacts (Graham et al., 2015) . The MBTA implements four international treaties that are aimed at protecting migratory birds (16 U.S.C. § 703). The scope of the MBTA is quite broad and covers almost all native North American birds. Some, but not all, migratory birds covered by the MBTA are also a listed species under the ESA and, thus, both Acts would apply to those species. Many of the endangered species in the Everglades are birds that also are protected by the MBTA. As with the ESA, the MBTA prohibits "takes" of covered species. Although the MBTA does not define the term "take," regulations define it to mean "pursue, hunt, shoot, wound, kill, trap, capture, or collect, or attempt" any of the foregoing (50 C.F.R. 10.12). Although not well defined, the MBTA's definition of "take" appears to be narrower than the definition under the ESA, which may include significant habitat modification or degradation where it actually kills or injures wildlife. Thus, although some general habitat changes may not be violations of the MBTA, actions such as construction of projects or flooding areas in a way that actually kill birds could be violations of the MBTA. Because of its subtropical nature and geographical location, south Florida is home to numerous endangered species dependent upon the ecological conditions that were characteristic of an un-drained south Florida landscape. At least the following four species are of primary concern in considering hydrological restoration and the routing of water within the ESA: Cape Sable Seaside Sparrow (Ammodramus maritimus sociabilis), Wood Stork (Mycteria americana), Snail Kite (Rostrhamus sociabilis) and American Crocodile (Crocodylus acutus). Examples of federally listed and state-listed species with jeopardized survival and recovery by adverse direct, indirect and cumulative impacts of aquifer injections and withdrawals in Florida are provided in Table 6A and B. Examples of cumulative impacts to be considered for compliance with NEPA are described by the United States Council on Environmental Quality (1997).
of the facilities.
The available evidence, including comparisons of chloride concentrations for injected and "recovered" water, confirm that ASR has not fulfilled ASR proponents' claims as a means of "storing" or "recovering" water injected into the aquifer, a "new water supply" and groundwater "recharge" alternative, or a potential solution to the eutrophication of Lake Okeechobee and the Everglades. Consequently, ASR wells simply function as additional "disposal" and water supply wells, without providing any additional aquifer capacity to support those groundwater withdrawals. Claims that "performance" of ASR improves after multiple cycles, or long-term injections are based solely on the ability to force larger volumes of water into the aquifer at a given well location. This phenomenon is the result of severe erosion and/or dissolution of the aquifer matrix comprising the structural component of the aquifer and meets the USEPA's definition of fracking. More water can be forced into and extracted from the aquifer when the underground channels or conduits in the aquifer (e.g., fractures) are: (1) large, (2) enlarged by repeated injections and withdrawals, or (3) connected to discharge points such as surface waters. Repeated aquifer injections and withdrawals in Florida's karst aquifer system damage the structure of the aquifer system; mobilize, co-mingle with, displace and transport contaminants; result in subsurface discharges of contaminants to coastal waters and other surface waters; and destroy natural wetlands.
A previous analysis of ASR by the ACOE, with its consultants (Mirecki et al., 2013) , was flawed because that study: (1) failed to consider preferential flow through fractures or other karst conduits that it and others had identified; (2) did not design the monitoring locations to detect preferential flow (e.g., fracture flow) or subsurface discharges to and withdrawals from the Kissimmee River and other surface waters, including coastal waters; (3) did not include the chloride concentrations of "recovered" water from the cycle tests in that study; (4) did not include scientific analyses of the ambient receiving ground water, injected water or "recovered" water (e.g., isotopic analysis, trilinear chemical analysis or tracer analysis); (5) implied that it is possible to "recover" more water than was injected, instead of acknowledging the ASR well simply is another water supply well; and (6) suggested that "attenuation" of arsenic mobilized by aquifer-injections occurred, without addressing the probability that the arsenic-contaminated water flowed rapidly away from the site of the ASR well and monitoring wells. Consequently, that study provides no scientific support for the stated overall objective of CERP ASR pilot system operations to evaluate ASR feasibility at representative locations in south Florida, including: "(1) percent recovery of recharged surface water; (2) regulatory compliance with all state and Federal water-quality criteria; and (3) cost effective subsurface storage."
The ACOE's Final TDR included a Final Technical Groundwater Model Project and ASR Report (ACOE, 2014) . That TDR relied on results from the Mirecki et al. (2013) and Reese (2002) reports and similar evaluations with the same flaws of omission. Additionally, the ACOE's Final Technical Groundwater Model Project did not incorporate the fractures from any data sets in its Groundwater Model or include any anisotropy option in that regional model for fracture flow. Therefore, there is no scientific basis for the finding in the Final TDR that "Large capacity ASR systems can be built and operated in south Florida," with 94 wells in the UFA, 37 in the APPZ and 101 the BZ, for a total of 232 ASR wells.
Finally, the Final TDR and Final Technical Groundwater Model Project did not evaluate the direct, indirect or cumulative adverse impacts of preferential flow from ASR injections and withdrawals (e.g., through fractures) on federally threatened and endangered species, environmentally sensitive areas or on the formation of new sinkholes and expansion of existing sinkholes. Preferential flow of water injected and withdrawn may be responsible for both low ASR "recovery" rates and adverse environmental impacts, such as submarine groundwater discharge (SGD) contaminated with pollutants, including nutrients that result in harmful algal blooms (HABs). The three data sets evaluated in our case study show that fractures extend throughout the entire basin and for considerable distances beyond the basin, through environmentally sensitive areas in the basin such as the Big Cypress National Preserve, Biscayne National Park, Estero Bay, Everglades National Park, Florida Keys National Marine Sanctuary, Indian River Lagoon and Marquesas Keys Wildlife Management Area. The agencies need to acknowledge that the current levels of groundwater withdrawals from the Floridan aquifer system are not sustainable, as is the case with similar karst aquifer systems in the southern US (Sharp, 1988) . Instead of proceeding with additional ASR wells, the federal agencies should initiate a comprehensive Environmental Impact Statement to determine the direct, indirect and cumulative impacts on the human environment, including on federally and state-listed species, of the existing and proposed ASR wells, other aquifer injections and withdrawals and other actions that alter natural hydroperiods and propose realistic alternatives to reverse the environmental damage that already has occurred.
